have long been used to characterize permeability properties of epithelial membranes. These methods are generally simpler than those requiring flux measurements with isotopes. Electrical potential difference (PD) and resistance have been measured in renal tubules in a variety of species (21). In mammalian proximal tubules, the measurement of PD, until recently (1, 4) , has been hampered by the difficulty of localizing the electrode tip within the tubule lumen (8, 10). The cylindrical shape of the tubule has made electrical resistance measurements difficult because a uniform current density across the epithelium cannot be achieved using micropipets as a current source* In order to circumvent this difficulty, electric current was introduced into very short oil-blocked segments of tubule in order to achieve a uniform PD across the epithelium (7, 9) or cable analysis was applied to the measurement of intraluminal PD at different distances from the current source (3, 9, 11, 12) .
Using the technique of isolated tubule perfusion, Helman, Grantham, and Burg (12) applied cable analysis in measuring resistance in the rabbit cortical collecting tubule and confirmed its validity* Their use of a single pipet with a bridge circuit to both pass current and measure voltage was satisfactory because the electrical resistance of the collecting tubule was of the same order of magnitude as that of the perfusion pipet. In contrast, the electrical resistance of the proximal tubule is an order of magnitude lower than that of the pipet, making it difficult to accurately measure resistance with a bridge circuit.
In the present study, two techniques were developed to measure electrical resistance and PD in the proximal nephron.
Cable analysis was employed and its validity as applied to the proximal tubule was confirmed. The effect of ouabain on transepithelial resistance was studied using one of the techniques described.
METHODS
Proximal convoluted and straight tubules were dissected and perfused with ultrafiltrate of rabbit serum under conditions described previously in detail (4). Electrical resistance and potential difference were measured using two different pipet arrangements. Figure  1 illustrates the first pipet arrangement used. The tubule was attached to the pipets and electrically insulated from the bath at both ends using liquid Sylgard as reported previously (4). Two concentrically arranged pipets were positione'd in the tubule lumen, one to pass current and the other to record voltage. The tips of the pipets were maintained constant in position relative to each other in each experiment with the inner pipet protruding approximately 10 p beyond the outer. Ultrafiltrate of rabbit serum was perfused into the tubule lumen by gravity through the middle pipet shown on the left. Perfusion rate was not measured. To inject current into the tubule lumen, electrical contact with the fluid in the perfusion pipet was made with a Ag-AgCl wire. This was achieved by having the outer surface of a glass microperfusion pipet sputtered with platinum blaclc (a service of Transidyne General Corp., Ann Arbor, MichJ to provide a path for current injection into the tubule lumen. Spontaneous and electrotonic potentials were recorded through the lumen of this pipet.
The tubule was aspirated into a holding pipet and the lumen was cannulated with the perfusion pipet, taking care to avoid damaging the tubule cells. Liquid Sylgard, contained in an outer concentrically placed pipet, was advanced over the cannulated portion of the tubule to electrically insulate the lumen from the bath. After aspirating the other end of the tubule into a collecting pipet, a second Sylgardcontaining pipet was advanced over the end of the collecting pipet to insulate this end of the tubule (shown on the right side of Fig. 2 ). Tubules were perfused either by gravity or with a Sage syringe pump. Flow rates were not measured. A wire, attached to the platinum black coating of the perfusion pipet, was connected through a voltage divider to a 90-v battery.
Current was measured with a Keithley electrometer in parallel to a 1OW resistor in the current. The floating circuit was completed through the bath as in the first pipet arrangement.
In order to measure electrical potential, the perfusion fluid in the lumen of the pipet was connected through a salt bridge to a calomel half-cell. The potentials were read using a BAK electrometer (Electronics for Life Sciences) or a preamplifier (Transidyne General Corp., model MPA 2 or MPA 6) and an oscilloscope (Tektronix 561A or 564B). The resistance through the lumen of this pipet was 5 Ma. The electrotonic potential in the collecting pipet was measured and the bath was grounded as in the first pipet arrangement, described above. The coupling resistance of each of the pipet systems was determined by passing a direct current to ground through the bath with no tubule in place and measuring the deflection through the voltage-recording pipet. With the pipet system shown in Fig. 1 , the mean coupling resistance was 55 KQ, which was 55 % of the mean input resistance (Ri) of the tubules.
In contrast, the mean coupling resistance of the platinum-coated pipet was low, being 5 KQ, or 5 % of the mean Ri . The coupling resistance, which was stable in both pipet systems, was subtracted from the input resistance of the tubule. The voltage induced in the collecting pipet by current passed across the resistances in series of the bath and the saline bridge to ground was subtracted from the V, observed with a tubule in place (see Fig. 3 ).
After being attached to the pipets, all tubules were examined microscopically for damage. If the tubule was morphologically intact, the serum bathing the tubule was replaced with fresh serum previously heated to 37 C and equilibrated with 95 % O2 and 5 % CO2 . The spontaneous potential difference was then recorded. To measure electrical resistance, a I-to Z-set pulse of 2-3 X 10m7 amps of direct current was injected into the tubule lumen. After the initial voltage artifact, the voltage deflection, which was constant with time, was recorded to calculate the input resistance of the tubule.
The tubule was then photographed with a Polaroid camera at X 125 final magnification for determination of tubule length and at X500 final magnification to measure tubule diameter. Ouabain (Calbiochem) was added to the bathing serum as specified in the text.
The results are reported as the mean & standard error (number of tubules studied).
RESULTS
G-de theory. The electrical equivalent of a renal tubule is shown in Fig. 3 . Cable analysis was used to calculate RT @cm), the transepithelial resistance; R,: (Qcm-I), the core resistance; and X (cm), the length constant, which has the conventional meaning.
The general solutions for this electrical cable and the equations used in this analysis have been published previously (12) and are stated in the legend to Fig. 3 .
A necessary condition for applying cable analysis to the renal tubule is that the tubule has the characteristics of an ohmic resistor. The voltage/current relationship of proximal convoluted and straight tubules was assessed with each of the pipet systems. Hyperpolarizing and depolarizing currents up to 4 X 10v7 amps were used. 
With no tubule in place, passage of pulses of current through the serum in the bath resulted in a linear current/ voltage relationship. These electrontonic voltages were subtracted from those measured across the tubule wall. With both pipet systems, a linear voltage/current relationship was found in both types of proximal tubule over the range of current tested. A similar correlation has been described previously in proximal tubules (11, 22) . Thus, the proximal tubule can be characterized as an ohmic resistor, which allows cable analysis to be applied to measurements of its resistance. Since the cable analysis employed requires that the transepithelial resistance and the length constant be independent of tubule length, RT and X of various tubule lengths were determined in a given tubule using the pipet arrangement shown in Fig. 2 . Tubule length was decreased by advancing the Sylgard-containing pipet over the tubule from the collecting end, thus insulating a large portion of the tubule from the bath. The results of this experiment in six proximal convoluted tubules are shown in Fig. 4 . With the exception of one point, the values for RT and X remained within 10 % of the mean for a given tubule, whereas length was decreased over the range of 345-110 p, thus confirming the applicability of cable analysis to the proximal nephron. Cu~$arison of electrical and optical diameters. In considering the renal tubule as an electrical cable (Fig. 3) , we assume it is most likely that the perfusion fluid in the lumen constitutes the core of the cable. Then, the resistivity of the core (p) is that of the perfusion solution, and the diameter of the core (D) is calculated to be D = [4&rR,]1'2. The resistivity of ultrafiltrate of rabbit serum at 37 C is 55 Qcm, measured directly with a conductivity cell and Wheatstone bridge.
The diameter of the core calculated from the electrical measurements in each experiment was compared to the diameter of the lumen, measured photographically as the distance between the tips of the brush border (lumen diameter).
The results and a paired analysis of the difference between electrical core diameter and lumen diameter are seen in Table 1 w The mean electrical core diameter was 6-8 p greater than the mean lumen diameter. A similar relationship between the electrical and lumen diameter has been reported previously by Hegel, FrGmter, and Wick (11 (Table 3 ). Ouabain efect. In three proximal convoluted tubules perfused through the platinum-coated pipet, ouabain (1 Om5 M) was added to the bath. In these studies, a Sage microperfusion pump was used to assure constant perfusion rate. Figure 5 shows the results of these studies. The PD rapidly fell to zero upon addition of ouabain and returned to control values within 10-15 min after the drug was removed. The transepithelial resistance increased by 200-300 Qcm upon addition of the drug and returned to within 12 % of the control value upon removal of ouabain.
The core resistance, lumen diameter, and cell morphology did not change during the IO-min exposure to ouabain. DISCUSSION 
Electrical
resistance has been measured previously in the isolated perfused rabbit cortical collecting tubule (3, 12). In the first attempt, current was introduced into the tubule lumen through a perfusion pipet and the electrotonic voltages were recorded with a second concentrically placed pipet that was advanced by increments into the tubule lumen. It was possible to use this technique because the collecting tubule is a straight tubular structure.
In the later study, a single glass perfusion pipet with a bridge circuit was used both to pass current and record voltage. This method was satisfactory because the input resistance of the tubule was of the same order of magnitude as the pipet resistance.
In the present study, methods were devised to measure accurately the low electrical resistance of the proximal tubule. The two methods used yielded the same value for electrical resistance, thus lending confidence in the result. The essential feature, common to both techniques, was the use of separate circuits to pass current and record voltage. The platinum-coated pipet offers two advantages over the double-pipet arrangement. First, it eliminates the effort of assembling concentric perfusion pipets. Second, it has a very low coupling resistance, which might increase the accuracy of tubule resistance measurements in experiments designed to effect small changes in resistance, such as those reported above with ouabain.
The presence of a transtubular PD in the proximal con- N~cturus proximal tubules with an axial electrode in the tubule lumen and measured fluid reabsorption (net Na transport) under these conditions. They found close agreement between short-circuit current and net Na flux. Our result is similar. The mean short-circuit current #of the proximal convoluted tubule, calculated from the PD and RT (Table 3) , was 39 X low7 amps cm-l (55 X IO+ amp cm AZ for the lumen diameter of 23 X 10e4 cm) compared to a net Na+ flux of 28 X 10V7 amps cm-l calculated from previous results (15). The theoretically correct comparison would be between the short-circuit current and the net Na+ transport measured in the short-circuited state. If these were also approximately equal in mammalian proximal tubules, as they are in anuran membranes (20) and N~cturus proximal tubules (IS), then Na transport must be active and must be responsible for the generation of the PD. Other electrically neutral ion pumps would not be excluded, however.
We arc unable to short circuit a sufficient length of the tubule to measure Na transport in the short-circuited state. However, in view of the reasonably close agreement between the short-circuit current and the net Naf transport measured in the open-circuited state, we suggest, as have others (7, 9, 19) , that Na+ is transported actively in the proximal tubule and that Cl-is reabsorbed passively along the resultant electrical gradient. We do not conclude, however, that the present experiments completely exclude an active Cl-secretion as suggested by Kashgarian et al. (14) and Malnic and Mello Aires (17), particularly since it could be an electrically neutral process (HCl secretion) .
